We study the spectral function of the axial-vector charmonium state χc1(2P ) coupled to DD * mesons, by employing a quantum field theoretical approach: a very pronounced enhancement close to the D 0 D * 0 threshold, to be identified with the X(3872), emerges. In the complex plane, besides the pole corresponding to a broad seed state, i.e. the χc1(2P ), in the easiest scenario there is a virtual state (pole on the real axis just below the D 0 D 0 * threshold on the II Riemann sheet) which corresponds to the X(3872). Our approach describes both the seed state and the dynamically generated X(3872) simultaneously. In particular, it explains the most prominent, both molecularlike and quarkonium-like, features of the X(3872): its very small width is a stable consequence of the approach and the value of the dominant decay into D 0 D * 0 is predicted to be about 0.5 MeV; the coupling tocc is strong, hence prompt production and the enhanced radiative decay into ψ(2S)γ w.r.t. ψ(1S)γ are natural (predictions for the radiative decays are presented); finally, and most importantly, the isospin breaking decay into J/ψρ can be correctly described thanks to DD * loops mediating this decay channel.
I. INTRODUCTION
The axial-vector resonance X(3872), discovered in 2003 by the Belle collaboration [1] and later on confirmed by various experimental collaborations [2] , is the first one of a series so-called X, Y, Z states, which do not fit into the simple quark-antiquark picture (see the review papers [3] [4] [5] [6] [7] [8] and refs. therein). The state X(3872) is reported in the PDG [2] under the name χ c1 (3872): the average mass is m P DG X(3872) = 3871.69 ± 0.17 MeV, while only an upper limit for the width is given: Γ P DG X(3872) < 1.2 MeV (90% CL). The X(3872) is quite unique, since it is very narrow and its mass is very close to the D 0 D * 0 threshold (it is not yet clear if slightly above or below it). In the J P C = 1 ++ sector, the quark model, using the standard Cornell potential, predicts the existence of a charm-anticharm state χ c1 (2P ) at about 3.95 GeV [9] [10] [11] (in spectroscopic notation: n 2S+1 L J = 2 3 P 1 ), which is too high to be straightforwardly identified with the X(3872). Some features of the X(3872) are very well described by interpreting it as a D 0 D * 0 molecular state [12] [13] [14] [15] [16] : its mass is very close to the D 0 D * 0 threshold and the isospin-breaking decay X(3872) → J/ψρ can be understood. (Note, we use D 0 D * 0 as a shortcut for D 0D * 0 + h.c. ). However, some other features, such as the radiative decays and the prompt production of the X(3872) in heavy ion collisions, are better described by a charm-anticharm (or another compact) structure [17] [18] [19] . (In what concerns prompt production, there is an ongoing debate, see Refs. [20] [21] [22] [23] [24] ). In order to account for these different phenomenological aspects, models in which bothcc and D 0 D * 0 enter in the wave function of the X(3872) were proposed [25] [26] [27] [28] [29] . In other approaches, the X(3872) is described as a compact diquark-antidiquark state, e.g. Ref. [30] .
In this work, in line with previous works on the so-called companion poles (see Refs. [31] [32] [33] [34] [35] [36] for the light sector and Refs. [37, 38] for the charmonium sector), we follow a different and quite simple idea: instead of working with quark degrees of freedom, a Lagrangian in which a single axial-vector field χ µ c1 , which we identify -in the non-interacting limit-as acc seed state χ c1 ≡ χ c1 (2P ) with a bare mass between 3.90 and 3.95 GeV, is considered. This field couples strongly to the D 0 D * 0 and D + D * − meson pairs. As a consequence, the bare seed state is dressed by mesonic quantum fluctuations and acquires a total decay width of about 80 MeV, as predicted by the quark model. We then study the dressed propagator and its imaginary part, which delivers its spectral function. For a suitable but quite natural choice of the coupling of χ µ c1 to DD * , the spectral function of the charmonium state χ c1 (2P ) shows a strong enhancement close to the D 0 D * 0 threshold. In the easiest scenario, that we put forward here, this enhancement corresponds to a virtual state, hence to a pole in the II Riemann sheet (RS) on the real axis and below the lowest D 0 D * 0 threshold. This pole is interpreted as a companion pole. As expected, the original 'standard' seed pole in the III RS (above both thresholds) also exists: its real part is between 3.95 and 4 GeV and its imaginary part is about 35 MeV, in agreement with the predictions of the quark model [9, 17] .
The scenario proposed in our work merges quite well both the charmonium and the molecular behavior of the
arXiv:1903.06926v1 [hep-ph] 16 Mar 2019
X(3872). This result is achieved naturally by the mesonic quantum fluctuations dressing the bare state and without considering explicitly the Fock space with bothqq and molecular components. It is important to stress that there is only one spectral function, correctly normalized to 1, hence strictly speaking there is only 'one object'. However, the shape of this spectral function is non-trivial and two (relevant) poles on the complex plane are present. Quite interestingly, for certain sets of parameters, the spectral function shows only one peak close to threshold and no peak corresponding to the seed state, thus possibly explaining why thecc seed state could not yet be experimentally measured. Moreover, our study can easily explain why the strong decay into D 0 D * 0 is dominant (predictions for this decay width are evaluated to be about 0.5 MeV). Moreover, one can understand why radiative decays are in agreement with the charmonium assignment: since X(3872) is part of the spectral function of the whole state χ c1 (2P ) (originally acc seed state dressed by DD * loops), the coupling constants are basically the same (see later for details), hence the decay into ψ(2S)γ is larger than the decay into ψ(1S)γ. For the very same reason, the prompt production of the X(3872) in heavy ion collisions is quite natural. However, due to the close threshold and dressing, various 'molecular-like' properties also emerge: the ratio X(3872) → J/ψω → J/ψπ + π − π 0 over X(3872) → J/ψρ → J/ψπ + π − can be correctly described by taking into account the small difference between the D 0 D * 0 and D + D * − loop functions. In the end, it should be stressed that within our approach the very existence of the X(3872) is not possible without the seed charmonium state. If one sends the mass of the latter to infinity and/or reduce the interaction strength to DD * mesons, the peak associated to X(3872) disappears. This is a feature shared also by works based on quantum mechanics in which the X(3872) was treated as a stationary state defined by a multi-component wave-function with acc coupled to meson-meson channels [26, 28] .
The paper is organized as follows: in Sec. II we present the model and in Sec. III the results, divided into strong decays, radiative decays, and isospin-breaking decays. Finally, in Sec. IV we present our conclusions. In addition, in the Appendix A the results for different parameter choices are reported.
II. THE MODEL AND ITS CONSEQUENCES
The Lagrangian: We consider the following Lagrangian that couples a seed state χ c1 with quantum numbers 1
where: (i) g χc1DD * is the coupling constant with dimension [Energy] (because of isospin symmetry, it is the same in the neutral and charged channels).
(ii) The theory is regularized via a form factor F Λ (k), which takes effectively into account the finite dimensions of the mesons and their interactions (microscopically, there is a nonlocal triangle diagram involving two c quarks and one light quark [39] ). The tree-level decay widths as function of the 'running mass' m of χ c1 read:
where k ≡ k(m, m 1 , m 2 ) is the modulus of the three-momentum of an emitted particle (m is the mass of the decaying particle and m 1 and m 2 the masses of the decay products).
(iii) We choose a Gaussian form factor,
since it emerges quite naturally in the 3 P 0 model from the overlap of the mesonic wave functions (e.g. Refs. [40] [41] [42] [43] [44] [45] ). The precise form of F Λ (k) has a small influence on the results, as long as it is a smooth function which guarantees convergence, see the detailed discussion in Refs. [36] [37] [38] 46] . As shown in Ref. [47] , covariance is fulfilled even when using a form factor that cuts the three-momentum k (such as in Eq. (4)), provided that this form is used only in the reference frame in which the decaying particle is at rest. In the Appendix A we will also use, for comparison and for completeness, a different vertex.
(iv) The numerical value of Λ is quite important. Typically, it ranges from 0.4 to 0.8 GeV [35, 36, 39, 45] . Note, Λ should not be regarded as a cutoff of a fundamental theory, but as a parameter which is inversely proportional to the radius of mesons. We shall start with 500 MeV (typical for mesonic objects [36, 38] ), but as we find qualitatively similar results by varying Λ in the above mentioned range (see the Appendix A).
(v) The theory, together with the form factor, is finite. For each value of m (and hence of the momentum k) the model is mathematically well defined (no matter how large m is). In fact, the normalization of the spectral function in Eq. (11) (see below) is realized by formally integrating up to infinity. Of course, far from the energy of interest, the model -even if mathematically well defined -cannot represent a reliable description of reality, since other resonances are missing. We thus consider our approach valid up to m 4 GeV. The important point, however, is that we do not require that k should be smaller than Λ: simply, when k is larger than Λ, that decay mode is naturally suppressed. Similarly, in the already mentioned 3 P 0 model, it is common to have values of k larger than Λ [43] .
The propagator and the spectral function: The scalar part of the propagator of the field χ c1 , as function of the variable s = m 2 , reads:
where m 0 ≈ 3.95 GeV is the bare quark-antiquark mass of χ c1 predicted by quark models [9] . The quantity
is the self-energy contribution, which is the sum of the D * 0D0 and D * + D − loops. We note that, at the one-loop level, the quantities Σ D * 0D0 +h.c. and Σ D * + D − +h.c. , defined in Eq. (6), do not depend on the coupling constant g 2 χc1DD * . As shown in Ref. [48] , the one-loop level is a very good approximation for hadronic phenomenology (no need to consider diagrams in which the unstable state is exchanged by the decay products).
At one-loop, the imaginary part reads
The real part is obtained by the following dispersion relation (valid for √ s real and larger than m D * + + m D − ) :
For s < (m D * 0 + m D 0 ) 2 or having a nonzero imaginary part, P P is omitted and Π(s = z 2 ), in the I Riemann sheet (RS), is:
It should be stressed that Π(z 2 → ∞) → 0 in all directions of the complex plane. In order to avoid misunderstanding, we recall that, in the I RS, the function Π(z 2 → ∞) is an utterly different complex function than e −z 2 /Λ 2 , see Ref.
[37] for a detailed discussion of this point. In fact, in the I RS, besides the cut along the real axis, Π(z 2 ) is regular and well defined everywhere and does not contain any singular point, contrary to e −z 2 /Λ 2 , which contains an essential singularity at ∞. In other Riemann sheets, the properties of Π(z 2 ) are different and singular points are present. The spectral function (or the mass distribution) is defined as
The quantity dmd χc1(2P ) (m) represents the probability that the unstable state has a mass between m and m + dm [46, [49] [50] [51] . It fulfills the important normalization condition
This is a consequence of the Källén-Lehmann representation and of unitarity. For a rigorous proof, using the vertex function regularization (and for the link to other regularization schemes), see Ref. [50] . In our approach, the normalization follows automatically from the formalism. The numerical verification of Eq. (11) represents an important check of the correctness of the numerically performed calculations.
The definition(s) of the mass(es): An unstable state is described by its mass distribution and, strictly speaking, it does not have a definite mass. Nevertheless, one can define it in various ways. A typical one is the so-called Breit-Wigner (BW) mass, given by Re[∆ −1 (s = m 2 BW )] = 0. This equation is however meaningful when a unique and symmetric peak of the spectral function is present. As we shall see, this is not true in our case. Alternatively, it is common to search for the position(s) of the pole(s) in the complex plane ∆ −1 (s = z 2 pole ) = 0 and then identify the mass as its real part, m pole = Re[z pole ] (in the proper Riemann sheet). Here, this second approach is more useful for both poles, the standardcc one, in the III RS, and the virtual one, linked to X(3872), on the II RS.
Radiative decays: Besides the dominant decay into DD * , the terms that describe the radiative decays read:
where the coupling constants g χ c1 ψ(1S)γ and g χ c1 ψ(2S)γ can be determined by the quark model [17] (through the overlap of wave functions). Later on, we shall use the couplings determined in Ref. [17] .
III. RESULTS
In this Section, we present the results by starting from the spectral functions, poles, and strong decays (Sec. III A). Later on, we focus on radiative decays, prompt production, and isospin breaking decays (Sec. III B).
A. Spectral function, poles, and strong decays Case I ( m 0 = 3.95 GeV): As a first case, let us set the bare mass to m 0 = 3.95 GeV (close to the value predicted by the quark model in Ref. [9] ). For the parameter Λ we shall use 0.5 GeV (this is a typical value for Λ; later, we will check the dependence on Λ). We determine the coupling constant g χc1DD * = 9.732 GeV by requiring that:
The chosen value of m * is slightly above the
Again, the precise value of m * is not so important, as long as it is between the two thresholds (see below).
The spectral function d χc1(2P ) (m) is plotted in Fig. 1 . It has a very peculiar form: a extremely narrow and high peak very close to the D * 0 D 0 threshold is realized. We identify this peak with the resonance X(3872). A second and broad peak at 3.986 GeV is also visible, and it corresponds to a roughly 80 MeV broad state, in agreement with old and recent quark model predictions. It should be however stressed that the whole spectral function of Fig. 1 , even if it contains two peaks, originates from one single seed state, and it is correctly normalized to 1, as we verify numerically upon integrating to 10 GeV (much larger than the energy scale involved, hence de facto infinity). This in turn shows that, as anticipated, the model is mathematically consistent up to large values.
Between the thresholds one has:
thus 16% of the whole spectral function is contained in this energy interval. Yet, since the X(3872) is definitely narrower than 8 MeV, and the experimental uncertainty of its width is roughly 1 MeV, we also consider the integral
that we interpret as it follows: the X(3872) corresponds roughly to 4.9% of the whole object described by d χc1(2P ) (m). In other parts of the work, we shall repeat the '1 MeV' estimate for the extension of the peak associated to the X(3872).
In Fig. 2 , we plot the function Re[∆ −1 (s = m 2 )]: by construction, it has a zero at m * = 3.874 GeV, which is responsible for the high peak associated with the X(3872), at the D 0 D * 0 threshold. There is another zero at m = 3.973 GeV, corresponding to the broad peak on the right. A third zero, at 3.891 GeV, does not correspond to any peak, since the derivative of the function is negative (see the discussion in Ref. [31] ).
As expected, there is a pole on the III RS, which comes from thecc seed state, that relates to the broad peak:
Thus, a pole width of 72 MeV follows. In addition, a virtual state is obtained: there is a pole on the II RS on the real axis, just below the D * 0 D 0 threshold, for:
This is the pole associated to X(3872), appearing as a narrow peak above the threshold in Fig. 1 . Summarizing:
] for m * = 3.874 GeV virtual pole on the II RS for 3.87164 − iε GeV .
Note, the virtual pole is just 0.04 MeV below the D 0 D * 0 threshold. Of course, the precise value of m * and the virtual pole vary when changing the parameters, but the overall picture is quite stable. . Two peaks are present, linked to two distinct poles. A broad peak, originated by the seedcc state, at about 3.99 GeV is present on the right, while a narrow and high peak is located just on the right of the lowest threshold: it results from DD * loops dressing thecc, and corresponds to the well known state X(3872). The dashed line corresponds to a Breit-Wigner approximation for the seed state, with parameters mBW = 3.986 GeV and ΓBW = 79.7 MeV (cf. Eqs. (19) and (20)). (5)) for case I (see text). Three zeros are present: on the right for m = 3.973 GeV, which corresponds roughly to the broad peak of the spectral function, and to the pole in the III RS of the 'seed' charmonium 2 3 P1 state; on the left for m * = 3.874 GeV (in between the thresholds), which corresponds to the narrow peak at the D 0 D * 0 threshold and to a virtual pole on the II RS; the zero in the middle does not lead to peaks or poles.
Next, we turn to decay widths. From Fig. 1 , it is clear that the spectral function has not a Breit-Wigner form. Nevertheless, for the maximal height of the broad peak, which is located at 3.986 GeV, reasonable estimates are found:
for a total width of 79.7 MeV: this is the width used for the Breit-Wigner function in Fig. 1 (note, using the pole mass would generate similar results). For the peak close to threshold, identified with X(3872), a direct evaluation of the width at the peak is not really useful. The peak itself has a very small width at half height (∼ 0.1 MeV). Even when changing the parameters, it is always smaller than 0.5 MeV. As a good estimate of the dominant decay of the X(3872), we consider the following average value, which extends from the threshold to the left-threshold plus 1 MeV, that includes the peak:
Thus, the model shows that the decay of X(3872) into D * 0D0 + h.c. is sizable: in fact, 0.61 MeV is comparable to the maximal value of about 1 MeV, estimated for the X(3872). On the other hand, Γ X(3872)→D * + D − +h.c. vanishes because X(3872) is always subthreshold for this decay channel.
In the Appendix A, we discuss the results for other parameter choices, for which there are no big qualitative changes: the overall picture is quite stable. The variation of the results also represents an estimate of the uncertainties of our analysis. In A 2, we repeat the study for different values of Λ, and keep m * = 3.874 GeV fixed by adjusting the coupling constant. On the other hand, in A 1 we change the coupling constant g χc1DD * , and keep Λ fixed by varying m * . For smaller couplings, m * moves to the right threshold m D + + m D * + , and the height of the peak X(3872) decreases and gradually fades away. When g χc1DD * becomes too small, m * exceeds m D + + m D * + and the peak associated to the X(3872) disappears. When g χc1DD * increases, m * moves to the left towards the D * 0 D 0 threshold, and the height of the X(3872) increases. For coupling constants exceeding the critical value g critical χc1DD * = 9.808 GeV, for which m * lies just at the m D * 0 + m D 0 threshold, there is a pole in the first Riemann sheet: an additional (quasi-)stable bound state emerges. In such case, the spectral function takes the form [46] :
where m BS is the mass of the bound-state, to be interpreted as a dynamically generated molecular-like state (still, this bound state is deeply connected to the seed state and cannot exist without it). The normalization (11) is still formally valid, leading to:
For instance, for g χc1DD * = 10 GeV (just above the critical value), one has Z = 0.0465 and m BS = 3.87164 GeV (hence, this is a pole on the I RS). The shape of d
is very similar to Fig. 1 , with the important difference that the area does not sum up to unity. It is then very difficult to distinguish the case in Fig. 1 
15).
Case II ( m 0 = 3.92 GeV): We repeat the study for a different value of the bare mass m 0 . We use m 0 = 3.92 GeV, slightly smaller than the value in Ref. [9] and close to the value in Ref. [11] . We determine the coupling constant g χc1DD * = 7.557 GeV by requiring, as before, that m * = 3.874 GeV. The spectral function is depicted in Fig. 3 . There is still a very pronounced peak close to the D 0 D * 0 threshold, but there is no peak at higher values: the broad peak corresponding to the seed melts with the whole structure (for a similar result, see [29, 52] ).
The amount of spectral function between the thresholds is:
while the one associated to the X(3872) is
In Fig. 4 we also plot Re[∆ −1 (s = m 2 )]. As required, there is one zero at 3.874 GeV. However, no other intersection is present: this is in agreement with the absence of the broad peak in Fig. 3 . Even if there is no peak, there is indeed a pole on the III Riemann sheet (seed state):
pretty similar to the case I presented in Eq. (16) . Thus, a pole width of 88 MeV follows. This example shows how important it is to look for poles: a state may exist even when there is no bump. In addition, a virtual state on the II RS is obtained for:
just 0.08 MeV below theD 0 D * 0 threshold. Let us turn to the partial widths. Since there is no peak, we use the pole value of 3.953 GeV for the on-shell mass:
The peak close to threshold, denoted as X(3872), has a width at half height of ∼ 0.91 MeV. The integrated signal
is very similar to case I. This is in general a quite stable outcome of our study. Increasing and decreasing the cutoff Λ and the coupling constant g χc1DD * generates the same type of changes mentioned above, see the Appendix A for further details. 
B. Consequences of the approach
Next, we study various consequences of the approach: radiative decays, prompt production, and, most notably, the isospin-breaking strong decay. We use the numerical values of case I in Sec. III A. For other parameter choices, see the Appendix A.
Radiative decays: The coupling constants g χ c1 (2P )ψ(1S)γ and g χ c1 (2P )ψ(2S)γ , entering Eq. (12) and describing the radiative transitions χ c1 (2P ) → ψ(1S)γ and χ c1 (2P ) → ψ(2S)γ, can be calculated within the quark model. They are proportional to the overlap of the spatial wave functions of χ c1 (2P ) with, respectively, ψ(1S) and ψ(2S). It follows that g χ c1 (2P )ψ(2S)γ is larger than g χ c1 (2P )ψ(1S)γ , since the 2P → 2S overlap is larger than 2P → 1S (this is due to the fact that in the latter a cancellation due to the node, present only in 2P , occurs).
The decay widths of the processes χ c1 (2P ) → ψ(1S)γ and χ c1 (2P ) → ψ(2S)γ, as a function of the running mass m of χ c1 (2P ), read:
Hence, their ratio is
Following Ref. [17] , [17] . We recall that χ c1 (2P ) in Eq. (33) refers to the whole energy domain of the state. For the decays of X(3872), we set m m X(3872) 3.872 GeV: we obtain Γ X(3872)→ψ(2S)γ Γ X(3872)→ψ(1S)γ 5.4. This is comparable to (but somewhat larger than) the experimental value 2.6 ± 0.4 reported by the PDG [2] . We also recall the values 2.38 ± 0.64 ± 0.29, determined by the LHCb collaboration [53] and 3.4 ± 1.4, determined by the BABAR collaboration [54] (see also the theoretical discussion in Ref. [55] ).
The main point concerning the radiative decays is that our approach naturally explains the large ψ(2S)γ to ψ(1S)γ ratio, since thecc component provides the dominant contribution to these decays, see Eq. (12). Thus, this feature applies for both the seed state and for X(3872). On the contrary, a purely molecular state would deliver the opposite result: 2S |r| 2P much smaller than 1S |r| 2P . Yet, as discussed in Ref. [56] , a DD * component is not excluded. (Indeed, our sligth overestimation of the ratio can be caused by not considering DD * loop processes in a way similar to the isospin breaking decays described below).
Finally, we use our approach to estimate the decay widths for the two channels, upon integrating over the spectral function:
where we have used the coupling constants g χ c1 (2P )ψ(2S)γ = 1.737 and g χ c1 (2P )ψ(1S)γ = 0.093, extracted from Ref. [17] . These widths are predictions of our approach for the radiative decays.
Prompt production: Within our interpretation of the X(3872), its production in heavy ion collisions can be easily explained. The reason is that thecc system, dressed by DD * clouds, can be regarded as a single object described by the whole spectral function in Fig. 1 , even if it leads to two poles, and thus two states. As seen for radiative decays, whatever the bare coupling to the state χ 1 (2P ) is, the very same coupling holds in general for the broad peak coming from the seed and also for the narrow peak corresponding to the X(3872).
Note, a different question is the role of this resonance in thermal models. In agreement with the case studied of Ref. [57] , the resonance X(3872) is expected to be subleading [58] . (For the appropriate theoretical framework, see e.g. Refs. [59] [60] [61] 
and refs. therein.)
Isospin breaking decay: The decay χ 1 (2P ) → ψ(1S)ω → ψ(1S)π + π − π 0 can take place via two different mechanisms: the first involves the emission of two gluons, which then convert into an ω, while the second involves the DD * loops which couple to ψ(1S)ω.
On the contrary, at a first sight, the decay χ 1 (2P ) → ψ(1S)ρ 0 → ψ(1S)π + π − cannot occur, since it violates isospin. The two-gluon mechanism is not possible, since two gluons cannot convert into a ρ meson. Yet, the DD * loop generates an isospin-suppressed coupling of χ 1 (2P ) to ψ(1S)ρ, as we shall discuss below.
In order to show these aspects, let us consider the following Lagrangian coupling DD * to ω and ρ 0 :
whereω µν +ρ 0 µν is proportional toūu (and hence couples to D 0D0 ), whileω µν −ρ 0 µν todd (and hence couples to D * + D − ). The constant ξ 0 is an unknown coupling constant describing these transitions. Note, using the same ξ 0 in front of both terms means that the Lagrangian L DD * fulfills isospin symmetry. The resulting energy dependent coupling of χ c1 (2P ) to ψ(1S)ρ is proportional to
while the coupling to ψ(1S)ω to
with s = m 2 . Note, in the latter case the two-gluon contribution mentioned previously has been formally included into the parameter λ gg .
The real part of the loops is depicted in Fig. 5 . Equation (37) (38) , the sum of the loops ensures that it is large for both the X(3872) and the seed state. Here, as a first approximation, we shall neglect the direct two-gluon contribution λ gg , since close to DD * thresholds the loops are large (the real parts have a peak in that energy region, see Fig. 5 ), and the coupling constant g χc1DD * is sizable (see also the recent argument in Ref. [38] ). At m = 3.872 GeV, corresponding to the X(3872), one has the following ratio:
Thus, the coupling ξ χ c1 (2P )→ψ(1S)ρ is indeed non-negligible (even if, as expected, suppressed). On the other hand, for m = 3.986 GeV (at the broad seed peak) one finds a ratio of about 630, thus showing that the decay to ψ(1S)ρ is heavily suppressed (the loops cancel to a very good extent). Thus, for the seed state at about 3.986 GeV there is only the decay into ψ(1S)ω. The decay widths of χ c1 (2P ), with a running mass m, into ω (or ρ), with a running mass x, can be summarized as:
where k = k(m, m ψ(1S) , x). Then, by fixing the mass to m = 3.872 GeV, and further integrating over the ρ mass, the decay X(3872) → ψ(1S)ρ 0 → ψ(1S)π + π − reads:
where d ρ (x) is the spectral function of the ρ meson. Here, we shall use a relativistic Breit-Wigner function:
with the parameters m ρ 0 = 775.26 ± 0.25 MeV, Γ ρ 0 = 147.8 ± 0.9 MeV, and N ρ such that
0 is obtained upon integrating over the ω mass:
where
with m ω = 782.65 ± 0.12 MeV, Γ ω = 8.49 ± 0.08 MeV, and N ω such that
Finally, the following ratio is obtained:
which is comparable with the experimental value 0.8 ± 0.3.
In conclusion, the originally small isospin breaking coupling to J/ψρ is enhanced at the mass of the X(3872), due to the difference between the real parts of the neutral and charged loops. In this way, a qualitative agreement with data is obtained. This is a surprisingly good result obtained without any further assumptions and free parameters.
Improvements are possible: the phenomenological Lagrangian of Eq. (36) , that describes the transition DD * into J/ψω and J/ψρ, is a useful but still rather simple approximation. Moreover, the small but nonzero role of the direct two-gluon process, parametrized by λ gg in Eq. (38) , can slightly change the result (for instance, a small destructive interference would decrease the coupling into the J/ψω channel). A better spectral function of the ρ-meson, which goes beyond the relativistic Breit-Wigner approximation of Eq. (44), would also lead to a smaller ratio due to the fact that a greater weight appears at lower energies once a form factor for the ρ is taken into account. Yet, such a procedure would imply the need of additional parameters and would only lead to small changes, therefore it is not considered in this work. Finally, the ratio in Eq. (47) is reported for different values in the Appendix A.
IV. CONCLUSIONS
The state X(3872) shows some features compatible with acc state, such as radiative decays and prompt production, and other features compatible with a D 0 D * 0 molecular state, such as the mass close to the D 0 D * 0 threshold and an isospin-breaking decay into J/ψρ.
In this paper we have shown that both aspects are naturally described within a simple approach. Our Lagrangian contains initially a single cc state, dressed by mesonic DD * loops. In the complex plane, one finds two poles: a standard seed pole in the III RS corresponding to the predominantly cc object χ c1 (2P ), with a total strong decay width of about 80 MeV (in agreement with the predictions of the quark model), and, in addition, a virtual pole on the 6). The peaks at the thresholds are a salient features of these objects. The difference between them in the energy region close to the thresholds is visbile: this is in the end responsbile for the isopsin suppressed decay into J/ψρ.
II RS just below D
0 D * 0 threshold is developed, responsible for the high peak of the spectral function at threshold, identified with X(3872).
The overall spectral function, correctly normalized to unity, describes simultaneously the state coming from the seed, i.e., the χ c1 (2P ), and the X(3872). Thecc seed state corresponds to a large bump on the right side of the spectral function, but for some parameter choices the bump disappears, eventually explaining why this state was not yet measured. Moreover, the X(3872) emerges automatically as a mixed object. Strong and radiative decays and prompt production depend on thecc core, while the decays into J/ψρ and J/ψω are strongly affected by the D 0 D * 0 and D + D * − loops. Even if some molecular properties appear, the understanding of the X(3872) is quite different from a standard nonrelativistic molecule. The very existence of the X(3872) is due to the nearby quarkonium state.
Besides the understanding of the puzzling properties of the X(3872), we have also made predictions for the strong decay to D 0 D * 0 , for the radiative decays to ψ(1S)γ and ψ(2S)γ, and for the ratio between the decays to J/ψρ and J/ψω.
In conclusion, the X(3872) emerges from a very peculiar interplay between a quark-antiquark axial-vector state, and the thresholds placed at a critical distance. It is then not surprising that no analogous state has been found in the bottomonium sector [62] [63] [64] [65] . In fact, the existence of the X(3872), as part of the spectral function of the χ c1 (2P ), emerges from the fulfillment of specific conditions, most notably the proper distance to the relevant thresholds and the corresponding couplings. Going from the charm to the bottomonium sector is likely to ruin these somewhat delicate conditions at least for the analogous system, since the bottomonium states are typically more bound than the charmonium ones, and the second and third radial excitations of the axial-vector bottomonium are unlikely to be close enough to their respective s-wave BB * decay channel. Yet, it is possible that other states analogous to the X(3872) emerge in other parts of the rich QCD spectrum.
quantities: the coupling constant g χc1DD * ; the probability that the dressed state χ c1 (2P ) is contained between the left threshold and 1 MeV above it, see Eq. (15) , if the coupling is infinitesimally smaller than the critical value). Moreover, we also study one case in which m * lies below D * 0 D 0 : here, there is a real bound state and the spectral function has the form given by Eq. (22) .
In what concerns the bare mass of the charmonium, we use the two values employed for the cases I and II described in the text, viz. m 0 = 3.95 GeV [9] in Sec. A 1 a and m 0 = 3.92 GeV [11] in Sec. A 1 b.
Moreover, we have repeated all the calculations for two types of form factors, the first one given by the Gaussian function in Eq. (4), while the second one has the form:
The variation of the coupling constant g χc1DD * , as well as the specific choice of the form factor, either (4) or (A1), does not affect the overall picture, which is quite stable and consistent for the presented results. In each case, there is a strong enhancement close to the D * 0 D 0 threshold and there are two poles in the complex plane, one corresponding to the seed state and one to the X(3872) (which is virtual when the coupling constant is smaller than the critical value, and real otherwise). The pole corresponding to the X(3872) (indicated by in the tables) is a virtual pole (that is, in the II RS) when g χc1DD * is smaller than a critical value, but a bound-state (on the I RS) when g χc1DD * exceeds the critical value. This is the case for Tables I-IV. It is interesting to note that the state X(3872) fades away when the coupling constant decreases. This property confirms that the very existence of the X(3872) is due to the nearby quarkonium state. Interestingly, a similar conclusion was achieved in Ref. [26] and [28] , where the X(3872) always required a small charmonium component to exist. However, the predictions concerning the χ c1 (2P ) diverge from the present approach. In these references, by employing potential models with a harmonic oscillator as a confinement potential, the state that is found between 4.0 and 4.1 GeV is much larger that the pole at 3.99 GeV within the present approach, so that it would hardly be observed in the experiment. On the other hand, either for a seed value of 3.95 GeV, or by the inclusion of additional decay channels, the X(3872) becomes a seed pole, rather than a dynamically generated one. Such possibility should be disentangled by a possible experimental observation of the χ c1 (2P ) state, as we present here. Another important difference is that, within the present paper, we can understand radiative and isospin-violating decay of X(3872) without additional assumptions, see Sec. III.
The results for m 0 = 3.95 GeV are presented in Table I (Gaussian form factor) and 
Variation of Λ at fixed m * , tested for two types of form factors
For completeness, we study the dependence of the results on the parameter Λ. We test different Λ in the range from 0.4 GeV to 0.8 GeV. Similarly to Sec. A 1, we use the two bare masses m 0 = 3.95 GeV (Sec. A 2 a) and m 0 = 3.92 GeV (Sec. A 2 b), as well as the Gaussian and dipolar form factors. In order to determine the coupling constant g χc1DD * , we set m * = 3.874 GeV (in between the two DD * thresholds, just as done in the main text). One should notice that, even if m * is fixed, the coupling constant varies.
We conclude that the value of the cutoff in the quite large range from 0.4 GeV to 0.8 GeV does not change the most important features emerging from our approach. For each value of Λ, two poles are observed on the complex energy plane. However, the value Λ = 0.8 GeV should be regarded as an upper limit, since the imaginary part of the pole corresponding to the standard seed state gives rise to a too large decay width when compared with the predictions of the quark model with a Cornell potential. For m 0 = 3.95 GeV, the obtained decay widths are ∼ 225 MeV and ∼ 292 MeV for Gaussian and dipolar form factors, respectively. Similarly, for m 0 = 3.92 GeV we get ∼ 217 MeV and ∼ 359 MeV for these two form factors. In such cases, the predominantlycc would be very difficult to detect in the experiment, but the width would be similar to the one obtained in quark model approaches which employ an harmonic oscillator potential [26] .
a. m0 = 3.95 GeV
The results for m 0 = 3.95 GeV are presented in Table V 
